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Many individual instances of patent foramen ovale are already
on record in the literature. These cases, however, do not seem to
have been studied as a group, either with a view to differentiating
the types of malformation encountered in this location, or ascer-
taining for the different kinds of defects the possible range of their
variation in extent. A long-standing interest in the normal and
defective development of the heart has, through the generous co-
operation of colleagues, brought to me for study more material of
this type than one person would ordinarily encounter. Recently a
leave of absence afforded the further opportunity of studying the
specimens accumulated in a group of pathological institutes with
records covering a total of over 500,000 autopsies. Naturally not
all the congenitally defective hearts from these autopsies had been
preserved, but the extensiveness and variety of the material avail-
able was exceptional. Using drawings made directly from my own
or museum specimens as a basis, and supplementing this material
from a study of the literature, I have attempted to assemble a
brief, but freely illustrated, survey of the defects that may be en-
countered at the foramen ovale. Being not a clinician but an em-
bryologist, I have approached the subject from a morphological
standpoint. It is hoped, however, that the material may prove a
useful foundation for those interested in attacking the clinical
problems associated with such defects.

LITERATURE

Publications dealing with failure of the foramen ovale to close
have been appearing for more than three centuries. Many of the
papers are so old that their viewpoint has become almost un-
intelligible to us of today. Botalli in 1565, for example, seized on
cases exhibiting an open foramen ovale as offering an improve-
ment on Galen's idea that the blood entered the left side of the
heart from the right by way of spaces between the .trabeculae of
the interventricular septum (Dalton, I884, p. I37). The weight
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of Botalli's name behind this erroneous conception delayed for
many years the acceptance of Servetus' contention that the passage
of blood from right to left "does not take place through the median
wall of the heart as commonly believed; but, by a grand defice,
the refined blood is driven from the right ventricle of the heart, in
a long course through the lungs." The language in which Servetus
elaborated his ideas well indicates the curious mixture of keen
observation and dogma that pervaded the work of this period.
"By the lungs it (the blood) is prepared, assum ng a bright color.
It is mingled with the inspired air and purged of its fulginous mat-
ter by exiration and so at length the left ventricle of the heart
attracts by its diastole the whole mixture, a suitable . . . material
that . . . may become vital spirit." (Translation from Dalton,
I884, p. 115-)

Unfortunately the old papers are by no means the only ones in
the literature that throw little light on the subject. Many com-
paratively recent articles are but superficial descriptions of isolated
cases. An idea of the frequency with which papers based on i or
2 cases appear in the literature may be gathered from the fact that
in 205 references cited by Poynter (I9I9) only 225 cases are in-
volved. Many of these were merely clinical diagnoses of "open
foramen ovale" with no confirmation by autopsy. Among the
enormous number of papers on the subject disappointingly few
contain both a good clinical history of the case and an adequate
record of the autopsy findings.

Viewing the literature as a whole there seem to have been three
factors primarily responsible for the often contradictory and un-
satisfactory information it contains. First is the deep rooted tradi-
tion that the foramen ovale closes immediately following birth.
Thus, in the absence of other findings accounting for death, an
open foramen ovale in a young infant is frequently unjustly ac-
cused. This has led to much misapprehension as to both the
frequency of occurrence, and the functional significance, of an un-
closed foramen ovale during the neonatal period. There has long
been ample evidence that the foramen ovale is not closed immedi-
ately after birth, but that its closure is a gradual process spreading
over most of the first year (Aleksieyeff, I9OI; Alvarenga, I869;
Elsisser, I852; Hinze, I893; Patten, 1930, 1931; Scammon and
Norris, I9I8). Familiarty with this fact would have eliminated
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from the literature many papers describing as instances of "ab-
normal patency of the foramen ovale" conditions perfectly normal
for the age at which they were observed. For example, a paper
published comparatively recently in a well known medical journal
is based on the heart of an infant that lived but 6 hours after birth.
Death was attributed to an open foramen ovale and an undosed
ductus arteriosus!
A second cause of confusion commonly encountered in the litera-

ture is the failure to distinguish between conditions in which the
foramen ovale is adequately covered by a valve which is not com-
pletely adherent to the septum, and conditions in which a struc-
tural defect of the valve or the septum makes it impossible for the
foramen to be functionally closed. Incomplete adhesion of the
valvula to the septum, with a resulting "probe-patency," is so
common that it must be regarded as a variant of the normal rather
than as an abnormality. The combined figures of ten different
observers compiled from over 4000 autopsies in which this condi-
tion was an object of special attention show that probe-patency
exists in one out of every four or five adult hearts (see Table I).
As long as the valvula foraminis ovalis adequately overlaps the
limbus fossae ovalis, probe-patency appears to be no functional
handicap to an otherwise normal individual. The inclusion in the
literature of a large number of cases where the "defect at the
foramen ovale" was mere probe-patency has led to the impression
that functionally significant defects in this region are much more
common than is actually the case.

Still a third underlying difficulty in arriving at any clear inter-
pretation of the significance of defects at the foramen ovale is one
that seems inherent in the entire subject of congenital defects of
the heart. There appears to have been a sort of collector's instinct
obsessing contributors to this field. The more bizarre and compli-
cated the case, the more interest it appears to arouse. From either
the practical or the scientific standpoint this is unfortunate. The
clinical picture especially is most confusing when several defects
co-exist in the same heart. The only hope of arriving at any sound
interpretation of such cases lies in better understanding of the
developmental conditions responsible for, and the clinical mani-
festations of, uncomplicated cases of specific defects in which the
major characteristics of the condition stand out unequivocally.
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To attempt to give a systematic survey of all the articles in a
field where such a large proportion of the material is either anti-
quated or uncritical would not be profitable. In the course of
preparing this paper about 3000 references on congenital defects
of the heart were culled. Some 300 of these purported to deal with
an open foramen ovale. Even this burdensome list undoubtedly
fails to constitute a complete bibliography, for the literature is
scattered among journals dealing with clinical medicine, pathology,
physiology, anatomy, embryology, and even general biology. It
has, therefore, seemed wiser to dismiss the literature as a whole
with the foregoing general comments and deal only with a rela-
tively few selected references in connection with matters on which
they were found helpful.

THE DEVELOPMENT OF THE INTERATRIAL SEPTAL SYSTEM
The growth processes leading toward the establishment of con-

ditions as they appear in the heart of a newborn infant and the
changes in the heart following birth are fairly well covered in the
embryological literature (Born, I889; Keibel and Mall, I9IO;
Mall, I912; Odgers, 1935; Patten, Sommerfield and Paff, 1929;
Tandler, I912 and 1913; Waterston, I9I8). Much of this in-
formation, however, is so widely scattered and so uncorrelated that
it is not readily utilizable by those working in other fields. For
this reason, and also for the sake of emphasizing certain points
especially pertinent to an understanding of the defective conditions
under discussion, the following brief summary of the normal
prenatal and postnatal development of the interatrial septa is
given.

In the separation of the primitive common atrium into right and
left chambers two septa are directly involved. These, on the basis
of their sequential appearance, are commonly called septum
primum and septum secundum. The partitioning process starts in
very young embryos, indications of the formation of septum
primum being recognizable as early as the 5th week * of develop-
ment. Starting as a crescentic ridge on the dorsocephalic part of
the atrial well, septum primum grows toward the atrioventricular
canal (Text-Figs. I, A and 4, A).

* Ages as here given are approximate fertilization ages, for "menstrual age"
add 14 days.
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At about the same time that septum primum is making its ap-
pearance, the first indications of the impending division of the
original common atrioventricular canal into a right and a left chan-
nel become evident. Two local thickenings, one dorsally, the other
ventrally located, appear in the walls of the canal. These thicken-
ings are the so-called endocardial cushions of the atrioventricular
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TEXT-FIG. I. Semischematic drawings of the interior of the heart to show the

initial steps in its partitioning. (From Embryology, Patten, B. M.,
courtesy P. Blakiston's Son and Co.)

A. The cardiac septa are represented at the stage reached in human
embryos early in the 5th week of development. Note especially the
primary relations of interatrial septum primum. Based on original recon-
structions of the heart of a 3.7 mm. pig embryo, and on Tandler's recon-
structions of corresponding stages of the human heart.

B. The cardiac septa as they appear in human embryos of the 6th
week. Note the restriction of interatrial foramen primum by the growth
of interatrial septum primum. Based on original reconstructions of the
heart of a 6 mm. pig embryo, on Born's reconstructions of the rabbit
heart, and Tandler's reconstructions of corresponding stages of the
hujman heart.

canal. Each cushion consists of a plastic mass of embryonal con-
nective tissue, of the type characteristically appearing in the de-
veloping heart at points where septa will fuse, or where elaborate
connective tissue structures such as the cardiac valves are destined
to be moulded. During the 6th week of development the dorsal
and ventral cushions are brought into contact with each other by
their own growth and fuse to form a common mass dividing the

d



PATTEN

atrioventricular canal (cf. Text-Figs. i and 2, and Text-Fig. 4, C
and D).

Between the concave margin of septum primum and the growing
atrioventricular canal cushions is a progressively diminishing open-
ing known as the interatrial foramen primum, or ostium primum

septnnn ,septu I

interatriaISept=m

valvlae--_

pectmte
muscles

rigt as.v.ca

trabecul

foramen I

I_setnm IT

interatrii
foramen -1

(ab=wtm~

V. canal
ndocadial cushion

--int=rvent.
I Iept

TEXT-FIG. 2. Semischematic drawing of the interior of the heart to show the
start of interatrial septum secundum and the appearance of interatrial
foramen secundum in septum primum. Based on original reconstructions
of the heart of a 94 mm. pig embryo and on Tandler's reconstructions
of the heart of human embryos of the 7th week. (From Embryology,
Patten, B. M., courtesy P. Blakiston's Son & Co.)

(Text-Fig. i, B and 4, B). About when it seems as if the closure
of the ostium primum would shut off the left atrium from the right
(Text-Fig. 4, C) a secondary opening develops in septum primum
near its origin from the dorsocephalic atrial wall. This new aper-
ture first appears as multiple small perforations which soon coalesce
to form a single opening known as the interatrial foramen secun-
dum, or more briefly, as ostium secundum (Text-Fig. 2, and Text-
Fig. 4, C and D).
The appearance of a second interatrial communication just as
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the initial one is closing is of fundamental functional significance.
In early embryonic life, when the lungs are as yet undeveloped, the
left atrium lacks any considerable direct intake of its own. The
constant presence of an interatrial communication makes it pos-
sible for the left atrium to receive without interruption a contribu-
tion from the blood entering the right atrium. More than the atrial
part of the heart is involved in this matter of balanced atrial in-
takes for, as we have seen, the atrioventricular canal is divided by
the IO mm. stage, and at about the 15-17 mm. stage the inter-
ventricular septum separates the right and left ventricles from each
other. After these partitions are completed, if the atrial intakes
were unbalanced the ventricular intakes would inevitably be cor-
respondingly disturbed. That this is a matter of more than theo-
retical importance is clearly shown by the conspicuously defective
development of the left side of the heart which is encountered
when, as occasionally happens, abnormal development prematurely
closes or markedly narrows the interatrial communication of the
fetal heart. (A case of this type is presented later in this paper,
see Figs. 17, i8 and I9.)
About the time the secondary interatrial opening is formed in

septum primum, another septum begins to develop. The second
septum is usually first readily recognized in embryos of about
I2 mm. (end of 6th week), although occasionally its beginnings
may be made out somewhat earlier. Like septum primum, septum
secundum is crescentic in shape, but the open part of the crescent
is directed more dorsally -toward the sinus inlet rather than
toward the atrioventricular canal as was the case with septum
primum. In reconstructions of the developing heart septum secun-
dum can be seen lying just to the right of septum primum (Text-
Fig. 2). Its cephalodorsal limb extends along the dorsal wall of
the atrium with its tip lying in close association with the left valve
of the sinus venosus. The ventrocaudal limb of septum II extends
along the ventral walls of the atrium, sweeps caudally and merges
with the atrioventricular canal cushion just to the right of the
place where septum primum fuses with the canal cushion to oblit-
erate the primary interatrial foramen (ostium I) (Text-Fig. 2 and
Text-Fig. 4, D). The extreme tip of the ventrocaudal limb of the
septum extends to meet the tip of the cephalodorsal limb at the
base of the left valve of the sinus venosus (Text-Fig. 2).
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As septum secundum grows, its concave margin for a time cuts
progressively farther into the atrial lumen; but septum II is not
destined to become a complete partition. Its extension gradually
ceases, leaving a characteristic oval aperture which is the foramen
ovale (Text-Fig. 3 and Text-Fig. 4, E, F). The margin of septum
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TExT-FIG. 3. Schematic drawing to show the interrelations of septum primum
and septum secundum during the latter part of fetal life. Note especialy
the way in which the lower part of septum primum is situated so it acts
as a one-way valve at the oval foramen in septum secundum. (From
Embryology, Patten, B. M., courtesy P. Blakiston's Son & Co.)

secundum thus constitutes what in adult anatomy is called the
limbus or annulus fossae ovalis.
The relations of septum primum to the oval foramen persisting

in septum secundum are of vital importance. The secondary open-
ing in septum primum is formed so near the cephalic wall of the
atrium that the unresorbed lower part of septum primum lies as a
loose flap covering, on its left atrial side, the oval opening in sep-
tum secundum (Text-Fig. 3 and Text-Fig. 4, F). In this position
it acts as one-way valve, permitting the filling of the left atrium
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TEXT-FIG. 4. Sectional plans of the embryonic heart in the frontal plane,
showing extent of growth of the various cardiac septa at several stages
of development. These diagrams give specifically for the human embryo
a more precise picture of the rate of progress of partitioning than do the
schematic drawings of Text-Figs. i-3.

Stippled areas in the diagrams indicate the distnbution of endocardial
connective tissue, muscle is shown in diagonal hatching, and the epi-
cardium in solid black. The lightly stippled areas in the atrioventricular
canal in B and C indicate the location of the dorsal and ventral endo-
cardial cushions of the atrioventricular canal before they have grown
sufficiently to fuse with each other in the plane of the diagram



from the right but effectively shutting off return flow. In the fully
formed fetal heart this flap is commonly known as the valvula
foraminis ovalis rather than by its embryological name, septum
primum.
Thus during intrauterine life we find a succession of three

morphologically distinct interatrial communications, the first be-
low septum primum, the second in septum primum, and the final
one in septum secundum. This permits the left atrium, throughout
fetal life, to receive a contribution of blood from the right atrium
by a transseptal flow which compensates for the relatively small
amount of blood entering the left atrium by way of the pulmonary
circuit, and maintains an approximate balance of intake into the
right and left sides of the heart. The amount of this compensatory
interatrial flow changes in relative volume at different ages. Early
in development, before the lungs have been formed, the flow from
the right atrium through the interatrial ostium primum constitutes
the entire intake of the left atrium. After ostium primum is closed
and while the lungs are but little developed, flow through the inter-
atrial ostium secundum must still be the major part of the blood
entering the left atrium. During the latter part of fetal life the
foramen ovale in septum secundum becomes the transseptal route.
As the pulmonary circulation increases in volume, a progressively
smaller proportion of the left atrial intake appears to come by way
of the foramen ovale and a progressively larger amount from the
vessels of the growing lungs. At the time of birth, on the basis of
orifice measurements, somewhat more than half the blood entering
the left side of the heart appears to come from the lungs and less
than half from the right atrium by way of the foramen ovale (Pat-
ten, 1930).
The progressively iminisg transatrial flow and the progres-

sive increase in the volume of the pulmonary circulation during
the latter part of fetal life seem to have been largely overlooked.
Unfortunately, no one has as yet solved the difficult problem of
obtaining from living embryos pressure and volume determina-
tions such as would permit a quantitatively accurate evaluation
of the situation. But, if we may judge anything from the size of
the vessels concerned, the volume of the pulmonary circulation of
a term fetus is far from the negligible quantity commonly assumed.
On the contrary, it is probably already sufficient to take care of
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gaseous interchange as soon as the lungs are ventilated, for the
pulmonary arteries of a term fetus are of approximately the same
size as its umbilical arteries, and the total cross sectional area of
the pulmonary veins is approximately equivalent to the cross sec-
tion of the umbilical vein (Patten and Toulmin, 1930). If we
recognize the fact that pulmonary vessels as large as the umbilical
vessels can carry a volume of blood sufficient for gaseous inter-
change we are at once relieved of the necessity of postulating the
traditional revolutionary nges in circulation at the moment of
birth. Postnatal circulatory nges can then be interpreted on the
basis of gradual readjustments which are more in harmony with
what we know of other processes of change in living organisms.

Following birth, the lumen of the ductus arteriosus is gradually
occluded by an overgrowth of its intimal tissue. The histological
picture presented is somewhat suggestive of the changes seen in
endarteritis obliterans. This process in the wall of the ductus is as
characteristic and regular a feature of the development of the
circulatory system as the formation of the cardiac septa. Its
earliest phases begin to be recognizable in the fetus as the time of
birth approaches, and after birth continue at an accelerated rate
to terminate in complete occlusion of the lumen of the ductus about
6 to 8 weeks after birth. This progressive closure of the ductus
arteriosus reduces the shunt from the pulmonary circuit to the
aorta and, acting together with the newly assumed respiratory
activity of the lungs themselves, gradually raises the pulmonary
circulation to full functional level. Barcroft (personal communi-
cation) is inclined to believe on the basis of recent experments
that there is also contraction of the smooth muscle in the wall of
the ductus following birth. If this proves to be the case it would
mean that the increase in pulmonary circulation is accelerated by
a physiological mechanism which begins to act more promptly than
the mechanism of morphological closure. It is dificult to conceive
of such muscular action closing the ductus immediately and com-
pletely and being effectively maintained during the 6 to 8 weeks
occupied by morphological closure. Nevertheless such a vaso-
constriction might well reduce flow through the ductus sufficiently
to accelerate the increase in blood flow to the lungs and to facilitate
the ultimate closure of the ductus arteriosus by the growth of its
own intimal tissue.
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The results of increased pulmonary arculation with the con-
comitant increase in the direct intake of the left atrium are man-
fested secondarily at the foramen ovale. Even before birth- in
the latter part of fetal life as the lungs attained considerable de-
velopment- we noted that a reduction in transseptal flow was
beginning to be evidenced. Following birth, as the pulmonary re-
turn increases still more, compensatory blood flow from the right
atrium to the left decreases correspondingly. This is indicated
anatomically by a progressive reduction in the looseness of the
valvula foraminis ovalis and the consequent diminution of the
interatrial communication to a progressively narrower slit between
the valvula and the septum. This first phase in the closure of the
foramen ovale occupies approximately the Ist postnatal month,
during which time the pulmonary return is mounting toward
equivalence with the right atrial intake. When this equalization
has occurred, the compensating one-way valve at the foramen
ovale falls into disuse. Although a probe can still be passed freely
behind the valvula, the foramen ovale may be regarded as func-
tionally closed when this new intracdiac balance has been at-
taied.
Then follows a period of 6 to 8 months in which the connective

tissue of the valvula increases from 6oo to 700 per cent (Patten,
I93 1 ). Probe-patency still persists but the size of the slit through
which a probe may be passed progressively diminishes and the re-
sistance to its passa increases with the increase in the thickness
of the valvula. This second phase in the closure of the foramen
ovale with its characteristic histological alteration is essentially the
conversion of an originally movable, flap-like valve into a fixed
septal structure.

Finally, coming leisurely in the wake of functional abandon-
ment and as a culmination of the period of connective tissue pro-
liferation, is the adhesion of the valvula to become an integral part
of the interatrial septum. There is great individual variability in
the age at which this final step in the closure of the foramen ovale
occurs. A usual range, rather than a specific time of final anatomi-
cal closure, is all that can be speified. Substantiated cases of the
fibrous adhesion of the valvula to the septum becoming complete
under 3 months are exdingly rare. The usual time of complete
anatomical closure appears to be not earlier than the last 3rd of the
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Ist year after birth, and is frequently much later (Patten, I93I).
In 20 to 25 per cent of adult individuals the fibrous adhesion is

never entirely completed (Table I). Provided the valvula amply

TAIET I

Records as to Completeness of Closure of Foramen Ovale,
Individuals Beyond Ckhidhood

from a Large Series of

Oerver No. of cases Not completelymuimned dked

Adami-Abbott, I915 1374 1I99
(adults)

Bizot, I837 155 44
(mostly adults)

Brit. Anat. Soc., 1897 3I6 76
(Parsons and Keith) (all above io yrs.)

Fawcett and 306 96
Blachford, I9OI (all over 6 yrs.)

Hinze, 1893 359 82
(all over 20 yrs.)

Ogle, I857 62 13
(adults)

Rostan, 1884, and 711 139
Zahn, I889 (66I over 20 years)

Seib, I934 500 85
(all over 20 yrs.)

Wallmann, I859 300 130
(291 over 20 yrs.)

Totals 4083 864

Foramen ovale not completely closed in 21.2 per cent of cases.

The exact percentage incidence of unclosed foramen ovale obtained by compiling
such data naturally varies with the length of the series of cases and the criteria used
in selecting acceptable data. In a previously compiled table for about 4ooo cases,
"mostly adult" but not rigidly selected for age, the per cent obtained was 24.6
(Patten, 1931). In a compilation of 2648 cases in which all cases under 20
years were excluded, Seib (I934) arrived at a figure of 23.I per cent. The
present table showing 21.2 per cent differs from my own previous one in the sub-
stitution of Seib's new series of 500 cases in which the ages were all known to be
above 20 years, for the 500 cases of Klob in which no account was taken of ages,
and which one suspects from the 45 per cent of non-closures must have included
many very young individuals. The present table differs from Seib's in containing
a considerably greater number of cases because of less rigid age selection. The point
to be emphasized is the essential consistency of these three tabulations. rather than
their minor variations. For all practical purposes we may say that in individuals
beyond childhood we may expect I case out of every 4 or 5 to show an incompltely
closed (i.e. "probe-patent") foramen ovale.



overlaps the foramen ovale such failures of complete adhesion ap-
pear to be no functional handicap to an otherwise normal indi-
vidual. Because of this fact and the frequency with which they
occur, these cases may well be regarded as variations of the normal
rather than as abnormalities. Such an attitude, however, must be
tempered by the realization that in the event of disturbances in
the pulmonary circuit sufficiently severe to unbalance intra-atrial
pressures, an area of incomplete adhesion may again become a path
for transseptal flow. The interesting experimental work of Gross
(I934), in which he observed the behavior of interatrial septa ob-
tained at autopsy and damped between artificial atria in which
the pressures could be varied at will, dearly demonstrates that this
is more than a mere theoretical possibility.
With this brief sketch of prenatal and neonatal conditions as a

background we may turn to a consideration of the various types
of developmental defects which may manifest themselves at the
foramen ovale.

CONGENITAL DEFECTS AT THE FORAMEN OVALE

Congenital defects of the heart are commonly attributed to one
of two alleged causes: to "developmental arrests" which are said
to leave some essential cardiac structure in an "underdeveloped"
condition characteristic of a phase of its formation during embry-
onic life; or to the damaging effects on local growth of some in-
flammatory process that becomes established during fetal life.
Neither of these factors adequately accounts for the wide variety
of congenital defects encountered either at the foramen ovale or
other locations in the heart.
As far as the evidence from any material that I have seen is

concerned, pathological lesions rarely, if ever, appear to play a
part in the primary causation of a developmental defect at the site
of the lesion. Inflammatory reactions resembling those caused in
the adult by endocarditis undoubtedly do occur occasionally at the
site of congenital defects. There is, however, no reason to believe
that such a process is the cause of the congenital defect. On the
contrary, the lack of any semblance of constancy in the association
of such lesions with developmental defects in general points very
strongly to the conclusion that the association, when it does occur,
is fortuitous. Possibly a defect of such a nature that it constitutes
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a point of local stress, as for example pulmonary stenosis, may
furnish a site of predilection for an inflammatory process, once the
causative agent has become established in the fetal blood stream.
That a localized inflammatory process causes a developmental
defect at the site of the lesion appears to be unsupported by any
valid evidence.

While local pathological lesions may be discounted, or even dis-
missed altogether, as direct causative agents, congenital defects
which might be interpreted as developmental arrests unquestion-
ably occur. If, for example, septum secundum does not grow to
the usual extent, the orifice to be occluded by the valvula foraminis
ovalis remains abnormally large and, therefore, may be inade-
quately guarded by a valvula which is itself perfectly normal
(Fig. 5). In such a case we might properly employ the expression
"developmental arrest," for growth progressing along its normal
course has fallen short of completion.

There are, however, defects at the foramen ovale that are in no
sense the result of the cessation of a growth process short of its
usual culmination. If, for example, the normal process of resorp-
tion which is concerned in the establishment of the secondary
opening in septum primum (Text-Fig. 4, C) does not cease at the
proper point, septum primum may be so extensively destroyed that
it fails to occlude effectively a foramen ovale of normal size (Figs.
3 and 4). This is a radically different process from a develop-
mental arrest. Instead of dealing with a growth process which has
not gone to completion, we are dealing with a process of resorption
that has gone too far.
Another condition which is a variant of the process just con-

sidered occurs not infrequently. The resorption of septum primum
may take place in abnormal areas as well as to an abnormal degree.
Instead of being limited to the quadrant in which the secondary
opening in septum primum is ordinarily established, the resorption
may occur in several places and progress to such an extent that the
remains of septum primum can not possibly act as an efficient valve
at the foramen ovale (Fig. 6). This abnormal resorption may
start from the margins, as in the heart shown in Figure 6, or it may
appear also in the form of multiple small openings reminiscent of
the manner in which ostium II is first formed in septum I (Text-
Fig. 4, C). The openings may be formed near the normal site of
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ostium II or at various other parts of the valvula as shown in
Figures 7, 8, I0, I2. In such cases we are dealing with the distor-
tion of a resorptive process instead of with the "arrest" of a growth
process. When it progresses and terminates normally, this process
of resorption plays just as important a part in moulding an efficient
valve as do the growth processes with which it is correlated.

In rare instances hearts are encountered that show no trace of
a valve covering the foramen ovale (Fig. I6). While it is impos-
sible to be certain that this represents a defect due to secondary
resorption of a once present septum primum, circumstantial evi-
dence points to that conclusion. When septum primum is primarily
defective there remains a very characteristically shaped opening
just above the atrioventricular valves. Usually the valves them-
selves are notched at the point where septum primum would have
fused with the atrioventricular canal cushions. The absence of
such a condition, in this heart, and the existence in other hearts of
a whole series of conditions grading toward complete destruction
of the free part of the valve (Figs. 1-14) point strongly toward
secondary absorption of a once present septum primum as the cor-
rect interpretation.
The most common type of defect at the foramen ovale appears

to be that in which there has been just a little too much resorption
of septum primum at the normal site of ostium II (Fig. 3). This
condition is surprisingly frequent in newborn infants. In a series
of ioo consecutive cases studied with special reference to this con-
dition its incidence was above 20 per cent. Apparently such slight
failures of the valvula to overlap the foramen are rapidly compen-
sated for in some manner because, except in newborn infants, they
are not strikingly common. It may be that septum secundum grows
somewhat after birth thereby reducing the extent of the foramen
ovale and eliminating the small unguarded area. It is possible,
also, that the marked fibrous development characteristic of the
valvula from the 2nd to the gth month after birth may account for
the elimination of this defect in some cases. In i unusual case,
secondary growth of the tissue around the limbus fossae ovalis was
very marked and there had been, also, as far as one could judge
by looking at the completed process, some secondary filling in of
small multiple defects in the valvula (Figs. 20, 21, 22). How
common such repair may be it is impossible to guess. The case

I50



DEVELOPMENTAL DEFECTS AT FORAMEN OVALE

mentioned is the only one of the kind I have seen but it seemed
unmistakable in its significance.

Probably the rarest of anomalies occurring at the foramen ovale
is congenital atresia (Corvisart, I8I8; Smith, I846; Osler, i88o;
and Lehman, I927). Through the courtesy of Dr. Howard T.
Karsner I had the opportunity of seeing the additional case illus-
trated in Figures I7, i8 and i9. Such cases throw an interesting
side light on the functional significance of the foramen ovale dur-
ing fetal life, for in every instance the left ventricle was developed
to only about half its normal size. The muscular development of
the ventricles being largely influenced by the volume of blood
that they handle during their period of growth, one must infer
that the half-normal development the left ventricle acquires in
cases where the foramen ovale is prematurely closed depends on
the blood returning to the left heart through the fetal lungs. The
condition seen in these cases seems to corroborate the interpreta-
tion given above on the basis of orifice measurements, that ap-
proximately half the blood entering the left side of the heart in a
term fetus comes by way of the lungs and half by way of the
foramen ovale.
From the morphogenetic standpoint, congenital stenosis or

atresia of the foramen ovale presents yet another different type of
departure from the normal. It is not the result of inhibited growth,
nor yet of exaggerated or distorted resorption. On the contrary, it
is the continuation of a normal constructive process "beyond the
point specified in the plans." Septum secundum fails to cease
growing when its margins have reached the usual boundaries of
the foramen ovale. Its growth continues abnormally until it has
closed an opening without which the left side of the heart develops
so defectively that it cannot long maintain the load imposed on it
after birth.
That congenital defects at a given location may arise in such

fundamentally different ways would seem to have significant im-
plications. Cases have been here presented which show abnormal
interatrial openings appearing as the result of: (i) underdevelop-
ment of septum secundum; (2) resorption of septum primum start-
ing in the normal location but going too far; (3) resorption of
septum primum taking place in abnormal locations; and (4) over-
growth of septum secundum. Such radical differences in the
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immediate mechanisms concerned should give us pause in con-
sidering any "blanket explanation" of congenital defects. Cer-
tainly the ultimate solution of the intricate problem of their
causation will not be advanced by overemphasizAng the develop-
mental arrest concept when congenital defects may equally possibly
be the result of a resorptive process which has gone astray, or a
growth process which has failed to stop soon enough. Pending the
acquisition of more satisfactory knowledge as to etiology, we
would be on sounder ground if we were more restrained in our use
of "developmental arrest" with its often false implications as to
causation, and employed some such non-committal expression as
developmental distortion or developmental defect.

CLINrICAL SIGNIFICANCE OF DEFECTS AT THE FORAMEN OVALE

It would carry me out of my province to undertake any extensive
discussion of the clinical problems presented by individuals with
congenital defects at the foramen ovale. There are, nevertheless,
certain things that stand out from a study of the records of a large
number of cases that it might not be out of place to mention.
The still rather widespread practice of attributing otherwise

unaccounted for deaths of young infants to "an open foramen
ovale" is utterly unsound. In the first place, anatomical closure
of the foramen ovale does not ordinarily take place until toward
the close of the Ist postnatal year. Secondly, from 20 to 25 per
cent of all adults show incomplete fusion of the valvula to the
septum without the slightest evidence that this condition is any
functional handicap, provided the valvula adequately covers the
foramen and there are no other concomitant circulatory disturb-
ances. Finally, the way individuals with extensively unguarded
interatrial openings frequently live into maturity and even old age
clearly shows the absurdity of regarding a mere unclosed foramen
ovale as the immediate cause of a fatal circulatory disturbance.

While an unclosed but competent valvula foraminis ovalis can-
not be regarded as a causative factor in circulatory disturbances,
it frequently is the result of disturbances elsewhere. If, during the
period in which the valvula would normally fuse to the septum,
there is any condition operative that reduces the left atrial intake
from the lungs, transseptal blood flow from right to left will
continue to take place postnatally as it did prenatally and the
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valvula will thereby be prevented from fusing to the septum. The
most striking cause of such a situation is congenital pulmonary
stenosis. Almost without exception when there is a pulmonary
stenosis of embryological origin, an unfused and slack valvula
persists at the foramen ovale. This is the logical sequel of the
failure to accomplish the balancing of direct atrial intakes which
normally comes with the attainment of full functional activity by
the pulmonary circuit.

While it may not invariably be the case, there is usually a recog-
nizable morphological difference between the condition exhibited
by a valvula which has been kept open by circulatory unbalance
and one which, although subjected to no such disturbance, has
failed to fuse with the septum. In the fortuitous failure of com-
plete adhesion which is encountered in 20 to 25 per cent of all
adults the valvula tends to lie tight against the septum and the
areas of incomplete fusion may be entirely overlooked unless one
meticulously explores all parts of the valve margins with a fine
flexible probe. Wrhen transseptal blood flow has persisted, the
valvula tends to retain a certain fullness like that characteristically
present in the fetus. It is likely for the same reasons to lie less
closely against the septum, thus readily revealing the presence of
an interatrial communication. These differences appear most
clearly when a fresh heart is examined under water, with the aid of
a current from a syringe.
There is a rather neglected corollary to the proposition that a

foramen ovale with a freely opening valve should be regarded as
part of the picture one would expect to find with congenital pul-
monary stenosis. Cases of pulmonary stenosis not infrequently
come to autopsy in which conditions at the pulmonary outlet alone
do not give satisfactory evidence as to whether the stenosis was
congenital or acquired. In such cases conditions at the foramen
ovale may furnish valuable collateral evidence. In the absence of
some other circulatory by-pass of similar functional significance,
a completely closed foramen ovale in a case of pulmonary stenosis
is strong evidence that the stenosis developed after the fetal-
neonatal period.
Thus it should be emphasized that, when the foramen ovale

possesses a competent valve, the question of whether or not this
potential by-pass is closed should be considered in the light of the
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factors involved in establishing and maintaining a balanced atrial
intake. Phrased in another way, an open foramen ovale of this
type is not to be thought of as a cause of circulatory disturbances
but as a result of them. Equally obviously, the question of the
condition of the pulmonary circuit should be the first consideration
from the standpoint of diagnosis. The fundamental importance of
maintaining a right to left transatrial blood flow during fetal life
is correlated with the low volume of the pulmonary circuit while
the lungs are not functioning in respiration. The cessation of
transatrial blood flow and the balancing of direct atrial intakes,
which occurs following birth, is dependent on the attainment of
full functional level in the pulmonary circuit. And finally there is
no single factor as likely as some disturbance of the pulmonary
circulation to upset this balance during postnatal life and thus
reopen a foramen ovale which has happened to remain unsealed.
A heart with a foramen ovale which is inadequately guarded by

a malformed valvula (Figs. I4 and IS), or one which is completely
unguarded (Fig. i6) presents quite different possibilities from
cases of the type just discussed. In hearts with a competent but
unfused valvula, transseptal flow takes place readily from right
to left but is inhibited from left to right. When there is an un-
guarded foramen ovale, transseptal flow can take place just as
readily from left to right as from right to left. Of course if there
is an associated pulmonary stenosis causing a compensatory flow
from right to left, the mechanism of the circulation will be quite
similar to that just discussed for a heart with a competent but
unfused valvula. If, on the other hand, the pulmonary circuit is
normal a radically different picture is presented. The clinical
manifestations of such cases have recently been presented very
ably and in considerable detail by Roesler (I934). When, as
Roesler has done, all cases of interatrial defect in which there is
an associated pulmonary stenosis are ruled out, a very characteris-
tic picture remains. Its outstanding features, summarized from
Roesler's findings, are essentially as follows: The heart tends to
be enlarged, often becoming of enormous size and causing a marked
precordial bulge. The enlargement involves primarily the right
side of the heart and especially the right ventricle which is usually
both extensively dilated and hypertrophied. The left ventricle
remains strikingly uninvolved by the enlargement (Abbott's Case
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1, I915, with hypertrophy involving the left as well as the right
ventricle is exceptional). The pulmonary artery is consistently
larger than the aorta, the average ratio being 3:2. The aorta tends
to be below normal size and thinwalled. In upwards of three-
fourths of the long-standing cases valvular lesions were found
which affected predominantly the mitral orifice (see also McGinn
and White, 1933). In contrast with certain other types of con-
genital defects, subacute bacterial endocarditis is strikingly absent,
and chronic pericardial disease, crossed embolism, and pulmonary
tuberculosis are noticeably rare concomitants.
The critical factor in this picture again appears to involve rela-

tive atrial intakes and pressures. In normal adults the pressure
in the left atrium is believed to be slightly greater than that in the
right. Under such conditions an unguarded interatrial opening
would permit the backing of blood from the left atrium into the
right, thus causing the right side of the heart to handle an increased
amount of blood. This situation acting over a long period of time
would account for the dilatation and hypertrophy of the right
ventricle and the large pulmonary arteries which are so character-
istic in these hearts. The same transatrial flow which overloads the
right heart, by reducing the blood entering the left ventricle, would
account for the fact that it is consistently uninvolved by dilatation
or hypertrophy, and also for the fact that the aorta tends to be
relatively small.

Detailed physiological evidence for this interpretation is ad-
mittedly scanty but the circumstantial evidence is convincingly
consistent. For a fuller discussion from a clinical standpoint
reference should be made to Roesler's excellent paper. There are,
however, two points of special interest which it might be pertinent
to mention here. One is the striking absence of crossed emboli in
cases of frankly unguarded interatrial openings where the flow is
presumably taking place from left to right, in contrast with the
comparative frequency of crossed emboli in assocation with pul-
monary stenosis where the interatrial communication may be much
smaller but where the leakage is from right to left. The other
point concerns cyanosis. Characteristically, as long as the indi-
vidual is subject to no complicating factors, cyanosis will be absent
as one would expect on the basis of the above interpretation of a
left to right shunt. A sudden terminal cyanosis ("cyanose tardive,"
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Bard and Curtillet, I889) is, however, very likely to occur. What
apparently happens in such cases is a reversal of the direction of
the shunt due either to intercurrent pulmonary difficulty, or to
breakdown of the long overloaded right ventricle.
Many individuals, even with large interatrial defects, live to

advanced years with surprisingly little handicap. Perhaps the
most interesting are cases in which individuals have performed
hard work for many years or otherwise lived an active life. Caton
(I878) wrote of a man, powerfully built, who had been a seaman
for 20 years and finally died of an acute respiratory infection at
the age of 40. His interatrial defect was 3 inches in diameter. The
heart here illustrated in Figure 14 was from a charwoman who
lived to the age of 52, and that illustrated in Figure I6 was from
a day laborer who lived to the age of 44. Gibier (I88o) records
the case of a man who showed no cardiac symptoms during life,
withstood anesthesia for a cancer operation and lived to the age
of 70. Firket (i88o) reported on a woman who had ii children,
and lived to an age of 74 years. Tarnower and Woodruff (1936)
have published the clinical findings and detailed autopsy report on
a woman who lived to be 77 years of age although she had a patent
foramen ovale measuring 4 cm. in diameter. Why this tolerance
of the defect is so striking in some cases and why other individuals
with similar defects are incacitated and go on to a relatively
early death from cardiac failure is difficult to explain. One signifi-
cant fact brought out by Roesler, is that in three-fourths of the 62
cases of unguarded interatrial defects which he reviewed chronic
valvular lesions of some degree were found. This is considerably
above the average incidence of such lesions in all types of con-
genital defects, which is placed by Abbott (1932) at 17.6 per cent.
The mitral orifice seems to be the one most frequently affected in
individuals with interatrial defects. While there is no clue as to
why this is the case the aggravating results of its occurrence are
self-evident. Either mitral insufiiency or stenosis will tend to
exaggerate the flow from left atrium to right which is the critical
factor in producing the characteristic cardiac changes seen with
an interatrial defect, whether it be at an unguarded foramen ovale
or at the site of interatrial foramen primum. Apparently when
this back flow becomes extreme there is a breakdown of the com-
pensation previously maintained and the individual begins to show
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marked cardiac symptoms which are likely to increase rather
rapidly in severity.
As far as it is possible to generalize, the situation would appear

to be that even a large interatrial defect is by itself not necessarily
incompatible with a long and active life. It does, however, produce
striking and characteristic changes in the proportions of the heart.
Moreover, such hearts appear to be more than normally vulner-
able. Individuals who have carried the defect for years without
particular handicap may suddenly show signs of cardiac failure.
What part is played in such cases by the frequently concomitant
valvular disease, why valvular disease has such a high incidence
in these hearts, and why it shows a predilection for the mitral
orifice are all matters that need further study.

SuiARY
This paper aims to present a survey of the various types of

developmental defects encountered at the foramen ovale, and to
make a re-evaluation of their significance. As a foundation for
this study the formation of the interatrial septal complex in the
embryonic heart is reviewed. In this review special attention is
given to the functional significance of the three different interatrial
communications which appear during intrauterine life.
The mechanism of the closure of the foramen ovale following

birth, and the time at which its closure may be expected to occur,
are presented in the light of recent work which points to the con-
clusion that the postnatal changes in circulation are far less abrupt
and immediate than traditionally postulated.
The various types of developmental defects which may occur at

the foramen ovale are illustrated and the embryological processes
which have been distorted in the production of each type of defect
are discussed. It is pointed out that the "developmental arrest"
concept is inadequate as an interpretation, in view of the several
fundamentally different ways in which the developmental defects
may arise.

Finally, brief comment is made on certain things of clinical inter-
est that emerge from the review of a large number of cases. Rea-
sons are given for regarding as unsound the still widespread
practice of attributing otherwise unaccounted for deaths of
neonatal infants to "an open foramen ovale."
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Emphasis is placed on the necessity of discriminating more
critically between an open foramen ovale with a competent but
unfused valve, and a frankly unguarded foramen ovale with an
incompetent valve. With an unfused but competent valve trans-
septal leakage, if it occurs at all, is limited to one direction-
right to left. The common cause of such leakage is some disturb-
ance of the pulmonary circuit which results in relative lowering of
left atrial intake and pressure. What occurs at the foramen ovale
in such cases should be regarded as a result of disturbances else-
where and not as a cause.

In sharp contrast with such cases are those in which the foramen
ovale is inadequately guarded by an incompetent valve. In these
cases, provided the pulmonary circuit is normal, transseptal flow
appears to take place quite consistently from left to right. This
overloads the right heart at the expense of the left and causes
characteristic changes from the normal cardiac proportions. There
tends to be a marked dilatation and hypertrophy resulting in a
great increase in heart weight. The right side of the heart, espe-
cially the right ventricle, is most conspicuously involved, whereas
the left ventricle remains strikingly uninvolved. Consonant with
the relative ventricular development, the pulmonary artery is
markedly larger than the aorta, which tends to be below normal
size and thin walled. In these cases with an unguarded foramen
ovale the characteristic and clinically recognizable changes in
cardiac structure are clearly the result of the defect. Even in
these cases the prognosis should not be unduly pessimistic as many
individuals support such defects surprisingly well and live to an
advanced age.
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DESCRIPTION OF PLATES

PLATE 30

FIG. i. Usual appearance of the valvula foraminis ovalis as seen from the
left in the heart of a newborn infant. Note the fullness of the valvula
which is represented in the bulged out position it assumes when subjected
to excess fluid pressure from the right atrium through the foramen ovale.
The size and position of the foramen ovale are indicated by the broken
line.

FIG. 2. Resorption of septum primnum in an abnormal area dorsal to the
usual site of ostium secundum. In this instance the abnormality is of no
functional significance since it does not unguard the foramen ovale.

FIG. 3. Slight incompetence of valvula foraminis ovalis due to excess resorp-
tion of septum primum at the normal site of ostium secundum. This is a
common condition, occurring in some 20 per cent of newborn infants. It
is apparently "corrected" in most cases by postnatal changes either in
septum primum or septum secundum and probably has no functional
s cance.

FIG. 4. Incompetence of valvula due to excess resorption at the normal site of
ostium secundum combined with resorption at an abnormal site. This
defect is definitely more extensive than the apparently correctable type
shown in Fig. 3, and undoubtedly would persist throughout life.

FIG. 5. The valvula is abnormally resorbed in two small areas but these de-
fects are so slight that they would be of no significance were they not
combined with an abnormally large foramen ovale. The large foramen
ovale due to defective development of septum secundum is the condition
of primary importance in this case.

FIG. 6. Extensive defects of the valvula due to over-resorption in the normal
and in several abnormal locations.
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PLATE 3I

FIG. 7. 'Multiple small perforations of valxula. The formation of ostium
secundum normally starts with the appearance of small openings which
later coalesce. Here such openings have appeared in a definitely abnormal
location.

FIG. 8. Case similar to that shown in Fig. ,. except that the openings are
larger and more widely distributed.

FIGS. 9. iO and ii. V-arious combinations of marginal over resorption of the
types shown in Figs. i-6 with small multiple perforations similar to those
shown in Figs. 7 and 8.

FIG. I2. Extreme resorption of valxula combined with abnormally large
foramen ovale due to defective development of septum secundum. There
is also in this heart unbalanced development of the ventricles. the left
ventricle being very small, correlated probably with a defective pulmonary
circuit as indicated by the marked stenosis of the pulmonary veins.
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PLATE 32

FIG. I3. Valxula foraminis ovalis markedly sacculated toward left atrium and
showing multiple perforations of considerable size. No clinical history.
Dissecting room specimen "from an old man" sent in by Dr. John
Donaldson. University of Pittsburgh.

FIG. 14. Drawn from specimen No. 3027, Pathologisch-Anatomisches Institut.
V-ienna. The heart was from a charwoman who died suddenly of pul-
monary thrombosis at the age of 52 years. Rokitanskv (1875, p. 52)
gives a brief unillustrated record of the case. The heart was "very large,
go mm. long and II; mm. broad" with rounded apex. The similarity of
the morphological picture presented by this adult heart and the infant
heart shown in Fig. i i is interesting.
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PLATE 33

FIG. I;. Drawn from specimen No. 24I0. Pathologisch-.natomisches Institut,
V-ienna. Case briefly described by Rokitansky (1875. P. 47,). Day laborer
2 I vears old. admitted to the hospital with '"the itch" (Kr'itze). Died fol-
lowing an unexpected attack of dyspnoea. Heart verv large. Ioo mm.
lang und ebenso breit'; right ventricle and conus 'erweitert.' Heart
weight not recorded.

FIG. i6. Drawn from specimen No. 2225. Pathologisch-Anatomisches Institut.
V-ienna. Case mentioned briefly by Rokitanskv (I875. p. 45). 'Male. day
laborer. 44 years old. Had purulent bronchitis and gangrene of oral
mucous membrane. No cyanosis noted. Immediate cause of death ap-
peared to be primarily pulmonary. although the clinical information given
is too meager to be certain. The heart was greatly enlarged and showed a
fibrinous pericarditis. No trace of a valvula foraminis ovalis could be
seen and the unguarded foramen ovale was of enormous size measuring
4o by, 47 mm. in the fixed specimen.
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PLATE 34

FIGS. I7. IS and i9. Heart of a I month old infant showing the conditions
encountered in premature closure of the foramen ovale. (Babies and
Childrens Hospital. Autopsv No. A-374. made available through the
courtesy of Dr. Howard T. Karsner. Western Reserve Universitv Medical
School. Adlthough there is no way of being certain whether the closure
as seen at autopsv had been fullv established in utero. there seems no
doubt that a marked ante natal stenosis. if not an atresia. must have
existed. This is indicated: (i) by the slit-like fossa ovalis which is but
a small fraction of the oval opening left when septum secundum normally
ceases further growth: (2) by the complete adhesion of the valvula which
does not ordinarilv occur until several months after the cessation of trans-
septal flow; and (3 by the deficiently developed left ventricle which
seems clearlv attributable to lessened left atrial intake due to a foramen
ovale closed. or greatlv narrowed. during the growth of the fetal heart.

FIGS. 20. 2I and 22. Possible case of postnatal repair of congenital defect at
the foramen ovale. The appearance of the narrowed fossa ovalis is super-
ficially somewhat similar to the case of premature closure illustrated
above. but there are two associated conditions which indicate that in this
case the narrowing occurred postnatally. First is the normal develop-
ment of the ventricles. If the fossa ovalis had been of its present ab-
normallv small size during intrauterine life the left ventricle would have
been undersized. Second is the faint depression which sketches the con-
tours of a fossa ovalis of the normal size. This seems to suggest that the
fossa was. at the time of birth. of the size outlined by this depression. and
that the differently disposed tissue now narrowing it was formed later.
There is yet another interesting condition pointing in the same direction.
In the valvula foraminis ovalis one sees an arrangement of robust strands
which suggest that it might once have appeared not unlike the defective
valve in Fig. 9. Between these heavy strands there is a more delicate
tissue which might conceivably have been secondarilv formed. Of course
this entire interpretation must be regarded as tentative. but postnatal
repair of a congenital defect. if it does occur. is of so much interest that
it seemed worth while presenting this unique case in the hope of stimu-
lating further observations bearing on such a possibilitv.
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